ABSTRACT ADHYA, SANKAR (University of Wisconsin, Madison), AND HARRISON ECHOLS. Glucose effect and the galactose enzymes of Fscherichia coli: correlation between glucose inhibition ofinductionandinducer transport. J. Bacteriol. 92:601-608. 1966. -The inhibitory effect of glucose on the induction of the enzymes required for galactose utilization ("glucose effect") was studied in Escherichia coli. Experiments on the uptake into the cell of labeled inducers (D-galactose-C"4 and D-fucose-H3) pointed to inhibition at the level of inducer transport as the possible primary mechanism of the glucose effect in the case of the gal enzymes. This interpretation was supported by the finding that a mutant constitutive for the lac enzymes was resistant to glucose inhibition of galactose induction of the gal enzymes; the mutant had acquired a glucose-resistant alternative transport mechanism for galactose via the constitutively synthesized galactoside permease. Further support for the transport inhibition model was provided by the finding that glucose did not substantially inhibit induction of the gal enzymes when glucose and galactose were produced intracellularly by j3-galactosidase hydrolysis of lactose, even if excess glucose was added. The inducer uptake experiments also showed that D-galactose and D-fucose probably enter the cell via different transport systems, although uptake of both compounds was inhibited by glucose.
Monod (18) discovered that the growth of wildtype Escherichia coli on a minimal medium containing glucose and one of a number of other sugars followed a two-step pattern (diauxic growth), in which the utilization of the second sugar did not begin until after the supply of glucose had been exhausted and after a lag period of typically about 1 hr had elapsed. The lag period corresponds to the time required to produce induced levels of enzymes needed for utilization of the second sugar; these enzymes are not present in sufficient amount so long as glucose is present (19) . This phenomenon of specific inhibition by glucose of inducible enzyme formation, observed also in the case of some inducible degradative enzymes other than those involved in sugar utilization, has become known as the "glucose effect."
A number of hypotheses have been proposed in recent years to explain the glucose effect; these were reviewed by Magasanik (16) . Magasanik favored the hypothesis that glucose, because it is catabolized faster than other substrates, produces higher levels of metabolic intermediates, one or more of which then act as a repressor or a precursor of a repressor inhibiting the synthesis of inducible enzymes. He therefore suggested the term "catabolite repression" as perhaps describing more accurately the glucose effect phenomenon. The catabolite repression hypothesis gives an appealing degree of generality to the glucose effect and explains well the experimental results for j3-galactosidase and histidase (see 17); however, this hypothesis does not take into account the possibility in some cases for glucose control of enzyme induction by inhibition at the level of inducer transport into the cell. The latter possibility has been suggested by Brown (see discussion after reference 16 ) as a factor in glucose repression of j3-galactosidase.
The work reported here suggests that glucose inhibition of induction of the enzymes specific to galactose utilization-the enzymes of the gal operon-is exerted mainly at the transport stage, and therefore that, at least in this particular case, the primary mechanism of glucose control is probably not catabolite repression. (1) . Recombinant strains and F'/F-diploid strains were isolated by appropriate Hfr X F-and F' X F-crosses and then plating on selective media. Matings were done as described by Echols (2) .
Growth ofbacteria and preparation ofextracts. Cells were grown at 37 C by rotary shaking in a 2,000-ml Erlenmeyer flask containing 200 ml of 7.0 P medium, which consisted of: KH2PO4, 13 a Met-, leu-thr-, and thi-denote the inability to synthesize methionine, leucine, threonine, and thiamine, respectively; thy+ denotes the ability to synthesize thymine; lac+ and gal+, the ability to utilize lactose and galactose, respectively, for growth, and the corresponding negative superscripts, inability to utilize lactose and galactose for growth; k-, t-and y-, the inability to synthesize galactokinase, galactose-1-phosphate-uridyltransferase, and galactoside permease, respectively; str-r and str-s, resistance and sensitivity to streptomycin, respectively; TRgal and Ocgal, constitutive mutations in the regular locus and operator site respectively of the gal system; and i-lac, constitutive mutation in the regulator locus of the lac system.
GLUCOSE EFFECT AND GALACTOSE ENZYMES
aerobically at 37 C for 20 min to exhaust endogenous metabolites and then was chilled; to 5.0 ml of this culture was added either D-galactose-CI4, D-fucose-H3, or TMG-C'4 (to give 100 to 1,000 counts per min per m,umole). The concentrations of the radioactive and competing nonradioactive sugars (when added) are specified in the Results section. The culture was incubated at 30 C, and 0.5-ml samples were taken at different times. The samples were filtered through membrane filters (Millipore Filter Corp., Bedford, Mass.), and the filters were then washed three times with 3 ml of ice-cold 7.0 P medium. The filters were dried and counted in a Packard liquid scintillation counter. Zero-time uptake was measured by adding the substrates to cells at 0 C and then filtering. This value was used as background. Units of sugar uptake are millimicromoles of sugar per milliliter of culture having an optical density of 1 at 540 m,.
Chemicals. Amino acids and nonradioactive TMG were purchased from Mann Research Laboratories, New York, N. Y., and D-galactose-C'4 and TMG-C14 from Volk Radiochemical Co., Burbank, Calif., and New England Nuclear Corp., Boston, Mass., respectively. D-Fucose-H3 was a gift from J. Adler, and was purified by paper chromatography with n-butanolethyl alcohol-water (5:1:4) as a solvent system (6 
RESULTS
The gal operon of E. coli contains the linked structural genes for the three enzymes specific to galactose utilization-galactokinase (kinase), galactose-l-phosphate uridyl transferase (transferase), and uridine diphosphogalactose-4-epimerase (epimerase) (1, 10, 14) . These three enzymes (which we will call collectively the gal enzymes) are coordinately induced by D-galactose (11) and the gratuitous inducer D-fucose (1) . Buttin (1) has reported that fucose induction of galactokinase is inhibited by glucose. Table 2 shows that galactose induction of all three gal enzymes, as well as fucose induction, is inhibited by glucose. This is the result expected from the existence of a glucose-galactose diauxie (18) . Fructose does not inhibit either galactose or fucose induction, consistent with the absence of a fructose-galactose diauxie in E. coli (18) .
The inhibition by glucose of induction of the gal enzymes could result from either an inhibition of inducer transport or from an intracellular repression of enzyme synthesis. We considered glucose control at the level of transport a strong possibility because previous work by Horecker, Thomas, and Monod (7) and Rogers and Yu (21) demonstrated that glucose can inhibit galactose uptake in E. coli, although these investigators did not comment on the possible importance of this in for low enzyme levels; epimerase, -+15% for induced levels of enzyme and ±25% for low enzyme levels.
the glucose effect. We have confirmed the glucose inhibition of galactose transport and also demonstrated that glucose inhibits fucose transport. Figure la shows that D-galactose-C'4 is taken up by an R strain (SA3) constitutive for the gal enzymes at a high rate; the rate of galactose uptake becomes very low when nonradioactive D-glucose is also present at a 10 times higher concentration. The presence of a 10-fold excess of nonradioactive D-fucose reduced the rate by only 20%. An R constitutive strain was used so that galactose permease would be present at a fully induced level (1) without pregrowth on galactose. Figure lb shows the glucose inhibition in a kinase negative, R-constitutive strain (B78Ak) which cannot utilize galactose. We concluded that glucose inhibits galactose transport even if galactose permease is present at a high level, probably because the two sugars share at least a common feature of their transport systems. The results shown in Fig. la and lb suggest that fucose transport may be largely independent of galactose transport. The inability of fucose to inhibit galactose uptake effectively was noted previously by Rogers and Yu (21) . inhibited by glucose (Fig. 2) , so that transport of 
MINUTES
Some experiments with a "glucose-resistant" strain strongly support this interpretation. We  FIG. 1 . Uptake ofD-galactose-C14 at a concentration observed that, in an i-strain constitutive for the of 10-3 M by (a)strain SA3, constitutive for the gal lac enzymes (3300), glucose failed to inhibit the enzymes, and (b) strain B78Ak, constitutive and kinase galactose induction of transferase but did inhibit negative: 0, in the absence of a competing sugar; *, fucose induction (Table 3) side permease (20) , which is synthesized constitutively in an i strain (9) . D-Galactose-C'4 uptake was observed in strain 3300 (uninduced for the gal enzymes) with or without glucose present (Fig. 3) . D-Galactose-C14 is taken up at a high rate, and the uptake is inhibited only slightly when glucose is present in 10-fold excess. Induction of the gal enzymes and galactose transport therefore both show resistance to glucose in strain 3300, a correlation to be expected if glucose normally inhibits at the transport level. That the "escape" of galactose transport in this case is via the galactoside permease usually chbaracterized by TMG uptake (20) is supported by the finding that a 10-fold excess of galactose blocks TMG-C14 uptake in strain 3300 (Fig. 4) . In contrast, Fig. 4 shows that TMG-C14 uptake is not greatly affected by excess glucose.
To confirm that the glucose insensitivity of galactose induction is connected with the icharacter in strain 3300, an t lac+ F-strain (SA25) was prepared by a genetic cross and an F' i* lac+/ i-lac+diploid (SA26) constructed from this by F-duction. These strains were assayed for transferase and epimerase after being grown in the absence of an inducer of the lac system. From the results (Table 4) , it is apparent that galactose induction becomes sensitive to glucose when the cell regains the inducible character for the lac enzymes. The classical diauxie phenomenon was also compared in strains SA25 and SA26 (Fig. 5) . The i-strain shows no glucose-galactose diauxie; the i*/t-derivative shows the diauxie phenomenon, as expected from the enzyme data.
Studies were also carried out to find out whether there is any evidence for an intracellular repression by glucose. First, enzyme levels were determined in mutant strains which are constitutive for the gal enzymes and therefore do not need the inducer. The effect of glucose on the levels of transferase of some constitutive strains of independent isolation is shown in Table 5 . The high enzyme level found on growth in glycerol is diminished only slightly on growth in glucose, irrespective of the genetic origin of the constitutive phenotype [whether from an R-mutation in the regulator gene or an Oc mutation in the operator site -see genetic analysis of Buttin (1)]. Introduction of an F' R factor from an F' R+/R+ diploid (W4580) into the F-R constitutive strains brought back both the requirement for the inducer for a high level of enzyme synthesis and strong sensitivity of this induction to glucose (Table 5 ). The inhibition by glucose of lactose uptake was first noted by Horecker, Thomas, and Monod (7), who showed that the inhibition is rather complex in character. Uptake of 10 M galactose was not inhibited by 104 M glucose, but uptake of 1(t'M galactose was strongly inhibited by 6 X 104 M glucose. Horecker et al. (7) suggested that glucose may compete at the level of a common "transporter" substance (12) , even though the entrance permeases catalyzing uptake of the external sugars were specific. Competition at a "transporter" level between glucose and TMG under certain conditions was suggested by Kepes (12) and Kessler and Rickenberg (13) . In this connection, it is interesting to note that Egan and Morse (4) have isolated single-step mutants of Staphylococcus aureus defective in the trasport of glucose, galactose, lactose, maltose, sucrose, fructose, and mannitol, and have suggested that these mutant strains are defective in the production of the transporter substance. If similar membrane carriers of such wide specificity exist in E. coli and other microorganisms, then many examples of glucose-type effects may represent inhibition of inducer transport at the level of a common transporter substance.
